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Abstract: A two-dimensional (2D) Dy,03-Pd-PDA /rGO heterojunction nanocomposite has been
synthesised and tested for hydrogen (H;) gas sensing under various functioning conditions, in-
cluding different Hy concentrations (50 ppm up to 6000 ppm), relative humidity (up to 25 %RH)
and working temperature (up to 200 °C). The material characterisation of Dy,O3-Pd-PDA/rGO
nanocomposite performed using various techniques confirms uniform distribution of Pd NPs and
2D Dy, O3 nanostructures on multi-layered porous structure of PDA /rGO nanosheets (NSs) while
forming a nanocomposite. Moreover, fundamental hydrogen sensing mechanisms, including the
effect of UV illumination and relative humidity (%RH), are investigated. It is observed that the
sensing performance is improved as the operating temperature increases from room temperature
(RT =30 °C) to the optimum temperature of 150 °C. The humidity effect investigation revealed a
drastic enhancement in sensing parameters as the %RH increased up to 20%. The highest response
was found to be 145.2% towards 5000 ppm Hy at 150 °C and 20 %RH under UV illumination (365 nm).
This work offers a highly sensitive and selective hydrogen sensor based on a novel 2D nanocomposite
using an environmentally friendly and energy-saving synthesis approach, enabling us to detect
hydrogen molecules experimentally down to 50 ppm.

Keywords: two-dimensional Dy,O3-Pd-PDA /rGO heterojunction nanocomposite; conductometric
devices; hydrogen gas sensors; UV illumination; relative humidity; low operating temperature

1. Introduction

Hydrogen (Hj) is a non-toxic, odourless, and colourless gas that can be used as
a renewable energy source [1]. H, is abundant on earth in different molecular forms,
including water and organic chemical compounds that contain hydrogen-carbon bonds
such as hydrocarbons [2]. Since Hj is a highly flammable and explosive gas, reliable
and effective sensors must be used to strictly monitor any leakage during its production
procedure, storage, transport, and usage [2]. To date, different 2D semiconducting materials,
including metal oxides, transition metal dichalcogenides (TMDs), and graphene-based
materials, have been used as hydrogen sensors due to their electrochemical and physical
characteristics [3-6]. In general, 2D semiconductors have a high number of active sites,
high surface to volume ratios, and exceptional optical and electrical properties that are
frequently stimulated by a concentration of charge density near or on surfaces, resulting
in enhanced sensing performance (i.e., high response, gas selectivity, fast response and
recovery, and durability) [7-9]. Graphene-based materials are considered as promising
hydrogen sensing candidates with low operating temperatures due to their excellent
charge carrier mobility, high conductivity, and electrochemical stability [10]. However,
their recovery is slow and mostly show poor selectivity due to the absence of a direct
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bandgap and few dangling bonds on the surface [11]. To overcome these issues, surface
modification such as functionalisation with noble metal dopants (i.e., Pd, Au, and Pt)
and hybridisation with metal oxides to develop a suitable composite sensing layer have
been employed [12-15]. In addition, studies have shown that utilising UV radiation
can significantly improve the Hj sensing performance of graphene-based materials [16].
Functionalising the graphene-based materials, including the reduced graphene oxide (rGO)
with noble metals, facilitates the H, molecules dissociation in the sensing layer and forms a
dipole layer on the metal surface [13,17,18].

Thus, in this work we decided to combine Pd nanoparticles (NPs) with rGO nanosheets
(NSs) to maximise the electro-catalytic activities [19]. Still, the spontaneous agglomeration
of rGO NSs prepared by the traditional oxidation of graphite technique limits the anchor
sites for Pd NPs growth. Another drawback of using the conventional methods to reduce
the GO is using toxic chemicals, which produces hazardous residues that are harmful
to the environment on an industrial scale [20]. Dopamine (DA) is an environmentally
friendly chemical that has been used for the reduction and functionalisation of GO since
2010 [21]. The reduction process occurs when the DA starts self-polymerisation to form
polydopamine (PDA) in the presence of GO oxygen functional groups in the weak alkaline
pH environment, with the catechol groups undergoing oxidation until producing the
quinon groups [21,22]. Therefore, to overcome all the disadvantages of traditional GO
reduction methods, in this work, the GO has been reduced and functionalised by Pd NPs
using a green approach with DA through a facile wet chemical process to achieve a high
quality Pd-PDA /rGO nanocomposite [21].

Recently, rare earth metal oxides have also attracted considerable attention based on
their thermal, physical, and chemical properties [23]. Among them, dysprosium oxide
(Dy703) is a stable C-type rare-earth sesquioxide structured metal oxide that generally
exists in two monoclinic and hexagonal structures [24]. It shows excellent physical and
chemical properties based on its high surface to volume ratios, thermal stability, and, more
importantly, by having a number of electrons in its 4f subshell [25]. Dy,O3 has been used
in many applications, including pH sensors [25], magneto-optical memory materials [26],
and gas storage [27]. He et al. [28] reported the catalytic behaviour of Dy,03, which is
based on its high hydrogen adsorption capability and being able to create new active sites
through the hydrogen spill-over process. This proves that Dy,O3; might have remarkable
electrochemical properties to be used as a hydrogen gas sensing layer. However, to date,
there are no studies of the hydrogen sensing performance of any Dy,0O3-based materials,
which is considered the primary motivation for the present work. In this work, GO NSs are
reduced by DA and functionalised with Pd NPs and 2D Dy,0O3 nanostructures, making
heterojunction Dy,03-Pd-PDA /rGO nanocomposite as the final product. The synthesis
process and results of surface characteristics and hydrogen gas sensing properties of the
heterojunction Dy,O3-Pd-PDA /rGO nanocomposite is reported here for the first time to the
best of the authors’ knowledge. The experimental results confirm that the fabricated sensor
is highly responsive to Hj at very low concentrations with quick response and recovery, as
well as long-term stability, which can be attributed to the excellent physical and chemical
characteristics of the heterojunction nanocomposite.

2. Materials and Methods
2.1. Material Synthesis and Sensor Fabrication

Two-dimensional dysprosium oxide (Dy,0Os3) dispersion with the concentration of
0.15 mg/mL was obtained from 2D Semiconductors Inc, Scottsdale, AZ, USA, and the
commercially produced graphene oxide (GO) powder was purchased from JCNANO INC
Advanced Materials Supplier, Nanjing, China. The other used materials for the synthesis of
Dy,03-Pd-PDA /rGO nanocomposite, including dopamine hydrochloride (DA), sodium
borohydride (NaBHy), and palladium (II) chloride (PdCl,), were purchased from Sigma-
Aldrich (Sydney, NSW, Australia).
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The schematic synthesis process of the Dy;O3-Pd-PDA /rGO nanocomposite is shown
in Figure 1. Dy,03-Pd-PDA /rGO nanocomposite was synthesised through the facile wet
chemistry method in the following steps [21,22]. At first, 10 mg of GO NSs were sonicated
in 30 mL of Tris buffer (pH 8.5) for 1 h, followed by adding 10 mg of DA and a further
sonication to dissolve DA completely. The reaction mixture was left under vigorous shaking
conditions for 24 h. This step aims to reduce the GO and functionalised it with PDA through
the self-polymerisation process. The synthesised PDA /rGO nanocomposite was collected
after centrifugation and washed several times with deionised water (DI). Afterwards, 1 mL
of PDA/rGO (1 mg/mL) was added to a mixture comprised of 3 mL of DI water and 1 mL
of PdCl, solution (5 mg/mL) and mixed thoroughly for 2 h. Then, 1 mL freshly made
NaBH, solution (0.5 M) was added and stirred for 5 h. The Pd-PDA /rGO nanocomposite
was collected via centrifugation and washed three times with DI water [22]. Afterwards,
0.5 mL of Pd-PDA /rGO dispersion (1 mg/mL) and 0.1 mL of Dy,0Os3 (0.15 mg/mL) was
mixed for 4 h for the immobilization of Dy,0O3 onto Pd-PDA /RGO nanocomposite. The
final product of Dy,03-Pd-PDA /rGO nanocomposite was collected using centrifugation
and washed thoroughly three times by DI water. Then, 0.5 mL of DI was added to the
final powder to make a dispersion. Subsequently, the dispersion was drop-casted onto a
10 mm x 6 mm gold interdigitated electrode fingers with a spacing of ~10 um to make the
final sensor device.

H H
PDA-rGO
COOH
OH
Dopamine,10mg HO
pH 8.5, 24 h
COOH
HO. NH,
OH Ho][:I/\/
E e H H
! 7 “NH 7 NH |
' Polymerization '
! %;} TN 4&‘) or PdCl, (5 mg/ml)
o oH HO  OH HO  OH | NaBH,0.5M,5h
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Dy,0,-Pd-PDA/rGO Pd-PDA/rGO

Figure 1. Schematic diagram of the synthesis process of the Dy,O3-Pd-PDA /rGO nanocomposite.

2.2. Material Characterisation

Different techniques were applied to analyse the structural and morphological charac-
teristics of the synthesised Dy,0O3-Pd-PDA /rGO nanocomposite. The surface morphology
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and elemental composition of the nanocomposite were investigated using a scanning elec-
tron microscope (EBL-SEM, Raith150 Two, Dortmund, Germany, at different magnifications,
an energy-dispersive X-ray spectroscope (EDS, TESCAN MIRA3 FEG-SEM combined with
Thermo Scientific UltraDry EDS) (Corporation Park, VIC, Australia), and a high-resolution
transmission electron microscope (HRTEM, JEOL ARM200F” NeoARM’at 200 kV, Tokyo,
Japan). The crystal phases of the samples were investigated using an X-ray diffractometer
(D8-Advanced, Bruker, Germany) with Cu Ky and A =1.54 A at 40 kV and 20 mA over a
range of 5-95 degrees. A small amount of the dried Dy,03-Pd-PDA /rGO nanocomposite
powder was added to ethanol, then dispersed on a carbon-coated 300 mesh copper TEM
grid and allowed to dry in air at RT for the HRTEM characterisation. The Raman spectra
measurements of the sample were carried out using the Raman spectroscopy (Renishaw
plc, Gloucestershire, UK) excited by a 514.5 nm laser.

2.3. Hydrogen Sensing Measurments

The gas sensing properties of the Dy,O3-Pd-PDA /rGO nanocomposite based conduc-
tometric sensor were investigated using a gas sensing system, as illustrated in Figure 2a.
Figure 2b shows a photo of the IDTs used to fabricate the sensors. This system consists of a
temperature and humidity controlled Linkam stage (T96, Linkam Scientific Instruments
Ltd.) (Tadworth, UK), six mass flow controllers (GE50A MFCs) (Andover, MA, USA),
to regulate the gas concentrations, a humidity generator, and a built-in heater (LNP96)
(Tadworth, UK). A 365 nm UV LED (Harrison, NJ, USA), (M365D1 LED, with 8.9 uW /mm?
power-driven with a current of 700 mA) was integrated on top of the stage with a distance
of 1 cm from the sensor during the experiments [8]. Different operating temperatures
from RT (30 °C) to 200 °C, relative humidity from 0 to ~25 %RH at 150 °C, and hydrogen
concentration from 50 to 10,000 ppm were tested. The selectivity was determined by expos-
ing the sensor to 50 ppm of different gases, including hydrogen, acetone, ammonia, and
nitrogen dioxide.

Network Switch/Hub

T96
Regulator Stem l_' L Linkam Stage Controller
b Flow Meter
‘ ‘1J L}:1 > —— To Fume Cupboard
MFC Valve e <—L|nkam Stage
j ﬂ— Y5717 [ Voltage Supply Cables| [T ] | Connectors on rear
- L »
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Figure 2. (a) Schematic diagram of the gas sensing system. Adapted with permission [8]. (b) A photo
of the IDTs used for the fabricated sensors.

Hydrogen gas (0.1% and 1%) balanced in synthetic air with different concentrations
at a uniform flow rate of 200 sccm were generated using dry synthetic air as a reference
gas and the MFCs. Gas exposure time for each experiment was 15 min, followed by 2 h of
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purging with synthetic air. A Keithley Piccoammeter (model 6487) (Cleveland, OH, USA)
periodically measured interval currents throughout the experiments. A change in sensor
resistivity was measured upon exposure to the target gas at a bias voltage of 1 V and was
correlated to the gas concentrations. The sensors response (R) towards a target gas was

calculated as below: R
R= (Rg> x 100, (1)

a

where R, is the resistivity of the sensor in air and Ry is the resistivity in the target analyte.
The response time is considered when the sensor reaches 90% of the response, and the
recovery time is calculated when the sensor recovered 90% back to its baseline. In this
work, three similar sensors were fabricated, and the sensing results were comparable. Each
experiment was performed at least three times under the exact working conditions to
confirm the repeatability and reliability of the sensing procedure.

3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Material Characterisation

XRD pattern of Dy,03-Pd-PDA /rGO nanocomposite was analysed to indicate its
degree of crystallinity and is illustrated in Figure 3. A relatively broad peak at 26 = 26.6°
corresponds to (002) graphitic plane of the partially restacked rGO nanosheets. The in-
tralayer spacing between the rGO nanosheets was calculated to be 0.33 nm by the Bragg’s
low [29], as follows:

A = 2dsin(0), )

where A is the X-ray beam wavelength (0.154 nm), d is the distance between the rGO NSs,
and 6 is the diffraction angle. In the following, the graphene layers number in rGO NSs
was determined to be <3 layers from the Scherrer Equation [30], as below:

KA

X= B.cos(0)’ ©)

where X is the number of rGO layers, f3 is the line broadening at half the maximum intensity
(FWHM), K is a dimensionless shape factor, A is the X-ray beam wavelength, and 6 is the
Bragg angle.

It is also seen a sharp peak at 28.5°, which corresponds to Dy,0O3 (222) plane. Diffrac-
tion peaks at 26 =20.3°, 28.5°, 33°, 35.7°, 39.6°, 43.1°, 47.7°, 56.7°, and 78° assigned to the
(211), (222), (400), (411), (332), (433), (440), (611), and (622) crystalline planes, respectively
clearly indicate the cubic phase of the Dy,03, and the peaks fit very well with the JCPDS
data card No. 78-0388 [31]. The other sharp peaks that appear at 20 = 38.6°, 44.1°, 64.7°,
and 77.75° attributed to the (111), (200), (222), and (311) planes, respectively, confirm the
face-centred cubic (FCC) structure of the Pd NPs inside the rGO NSs with an average of
13 nm crystalline size, which is calculated by Scherrer (Equation (3)) and fits well to the
JCPDS DATA CARD No.5-681 [22].

The surface morphology of the Dy,O3-Pd-PDA /rGO nanocomposite was charac-
terised by SEM at different magnifications (Figure 4). SEM images illustrate the PDA
functionalised rGO nanosheets with porous structure and some open edges, which con-
firms that the PDA /rGO nanosheets are entirely interconnected. Figure 4 also shows
that PDA /rGO nanosheets are homogeneously decorated with Pd NPs and nanoclusters.
Figure 4b,c shows that the PDA /rGO NSs structure has a crumpled and wrinkled form,
and the Pd and Dy;0O;3 are dispersed on both sides of the PDA/rGO NSs. Moreover,
these images confirm that Pd and Dy,0Os are fairly distributed on PDA /rGO NSs without
substantial agglomerations.
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Figure 3. X-ray diffraction pattern of Dy,0O3-Pd-PDA /rGO nanocomposite.

Figure 4. (a—c) SEM images of highly porous structure of Dy;03-Pd-PDA /rGO nanocomposite

with wrinkles and open edges at different magnifications. (c) shows the different elements of the
nanocomposite.

Energy-dispersive X-ray spectroscopy (EDS) was also used to determine the elemental
composition and surface coverage of each element on the Dy,O3-Pd-PDA /rGO nanocom-
posite (Figure 5). Figure 5b—e confirms the existence of carbon, oxygen, palladium, and
dysprosium, respectively, which indicates the successful formation of Dy,O3-Pd-PDA /rGO
nanocomposite. Figure 5f illustrates the elemental composition of the Dy,03-Pd-PDA /rGO
nanocomposite, confirming the Weight% and Atom% of each element.
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Figure 5. EDS image (a) and mapping of (b) carbon, (c) oxygen, (d) palladium, and (e) dysprosium;
and (f) elemental measurement of the Dy,O3-Pd-PDA /rGO nanocomposite.

The Dy,03-Pd-PDA /rGO nanocomposite was further analysed by HRTEM to evaluate
its internal morphology and crystal structural features (Figure 6). HRTM images of Dy,O3-
Pd-PDA /rGO nanocomposite in different magnifications indicate thin and transparent
film-like morphology of the PDA-rGO NSs, which confirms the formation of a few layers of
highly reduced graphene oxide decorated with Pd NPs and Dy,0O3. Figure 6a,b illustrates
the morphology of each element and distribution of the 2D structured Dy,0O3 and Pd
NPs into the rGO NSs (consistent with the SEM images). Pd NPs appear to have a nearly
spherical shape, which is well dispersed onto the PDA /rGO NSs surface. It also indicates
that Dy,Oj is distributed into the PDA /rGO NSs with some agglomerations. Figure 6¢
show the lattice fingers of the Pd and Dy;Oj3 planes. The interplanar spacings of 0.144 nm,
0.232 nm, and 0.205 nm are ascribed to cubic Pd (222), Pd (111), and Pd (200) lattice
planes, respectively. In addition, Figure 6¢ indicates the polycrystalline cubic structured
Dy,0O3 (400), (440), and (222) planes with characteristic spacings of 0.271 nm, 0.235 nm, and
0.313 nm, respectively. According to Bragg’s law (Equation (2)), XRD analysis of the Dy,O3-
Pd-PDA /rGO nanocomposite supports the crystal structural features found by the HRTEM
investigation. As shown in Figure 6a,b, PDA /rGO NSs are relatively thin layers that help
support the Pd and Dy;O3 nanoclusters to form the Dy,O3-Pd-PDA /rGO nanocomposite.

Raman measurements at RT were performed using a 514 nm laser to characterise
Dy,03-Pd-PDA /rGO nanocomposite, Pd-PDA /rGO, and Dy,03 and determine the struc-
tural change and formation of any defects inside the synthesised materials (Figure 7). The
Raman spectrum of the 2D Dy,Oj3 indicates a sharp dominant peak at ~372 cm ! assigned
to Fg mode, confirming its cubic phase structure as also confirmed by XRD analysis, which
is consistent with the TEM results. In comparison, this peak is shifted to a lower wavelength
(~368 nm) in the Dy,03-Pd-PDA /rGO nanocomposite Raman spectrum attributed to the
formation of structural defects and oxygen vacancies on the nanocomposite surface due
to strong interaction between the Dy,03 and Pd-PDA /rGO NSs, facilitating the charge
transfer from the Dy,;0O3 to rGO NSs [32]. A number of low-intensity Raman bands were
also observed at Fg modes, including the 462 cm ! and 585 cm ™!, which well describes
the c-type structure of the Dy,03. Comparing the 2D bands of the Dy,03-Pd-PDA /rGO
nanocomposite (2745 cm~! and 2937 cm~!) and Pd-PDA /rGO (2721 cm~! and 2927 cm™1)
reveals that there is a general shifting to higher wavenumbers in the nanocomposite as the
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layer thickness increased [33]. In addition, the broadened 2D bands in the nanocomposite
represent the exfoliation of the rGO NSs [32]. The 2D bands of the pure Dy;0O3 are found
to be at 2853 cm~! and 2921 cm~!. The Raman spectra of the Pd-PDA /rGO in Figure 7
indicate two characteristic peaks at ~1357 cm~! and 1602 cm ™!, corresponding to the D
and G bands, respectively. While the D and G bands on the Dy,03-Pd-PDA /rGO Raman
spectrum are slightly shifted to lower wavelengths (~1351 cm~! and 1597 cm~!) due to the
formation of heterojunction between the Dy,0O3 and Pd-PDA /rGO and electron transfer
from Dy,0O3 to the Pd-PDA /rGO [34]. In general, the D band is associated with the density
of defects in the sp2 hybridised material, and the G band starts by active Epg phonon mode
of the symmetric structure in the graphite [35,36]. The presence of these two D and G bands
confirms that the structure of the Pd-PDA /rGO NSs had been maintained after loading the
2D Dy,0O5 [37]. The intensity ratio (Ip/Ig) of the D band to G band is associated with the
density of defects that arises in Pd-PDA /rGO NSs due to doping with the 2D Dy,0Oj3 in the
formation of Dy,03-Pd-PDA /rGO nanocomposite. The Ip/I; for Pd-PDA /rGO NSs was
found to be 0.99, while it increased to 1.04 for the Dy,O3-Pd-PDA /rGO nanocomposite
due to the higher defect density in the nanocomposite and more oxygen vacancy on its
surface [38]. This result confirms that the Dy,0O3 is successfully incorporated into the
Pd-PDA /rGO NSs, forming the heterojunction Dy,O3-Pd-PDA /rGO nanocomposite.

Dy203 (440"

, 0.271'nm;{2,

4 ) % ,." - 4"
DY203(400) i

‘% 0.144: nm

23770232 nm
B o e, T
T IPd(111)

Figure 6. (a—c) HRTEM images of Dy,O3-Pd-PDA /rGO nanocomposite in different magnifications.
(c) shows interplanar spacings of Pd NPs and Dy;O3.
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Figure 7. Raman analysis of Dy,O3-Pd-PDA /rGO nanocomposite, Pd-PDA /rGO, and Dy,0O3.

3.2. Hydrogen Sensing Characterisation

The hydrogen gas sensing performance of the Dy,03-Pd-PDA /rGO nanocomposite-
based sensor was examined under different working conditions. The following sections
report the effects of operating temperature, UV illumination, gas concentration, and hu-
midity on the sensing parameters.

3.2.1. Effect of Working Temperature

Optimising the operating temperature is one of the critical factors in gas sensing, which
directly relates to the experiment’s power consumption and cost. The fabricated Dy,O3-Pd-
PDA /rGO based conductometric sensor was examined towards 400 ppm and 600 ppm H
at different working temperatures under UV (365nm) illumination and 0% relative humidity
(%RH). The operating temperature was changed from RT (30 °C) to 200 °C, and a change in
resistivity of the sensor was monitored throughout the experiment. It was observed that the
sensor’s response (resistivity) increased by increasing the operating temperature from RT
(30 °C) up to 150 °C, due to the acceleration of the adsorption/desorption kinetics between
the H, molecules and the Dy;O3-Pd-PDA /rGO composite sensing layer [39,40]. Further
increasing the operating temperature to 200 °C led to a decrease in the sensing response.
This result can be attributed to the increase of the desorption rate of H; molecules compared
to the adsorption rate while raising the temperature further than the optimum temperature,
which is called the Langmuir effect [40]. Therefore, the optimum working temperature was
found to be 150 °C. The 150 °C temperature corresponds to the 86 meV potential, which
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is among typical overpotential values in electrochemical hydrogen evolution reaction
(HER) of water splitting [41]. Figure 8a shows the typical p-type semiconducting sensing
behaviour of the sensor as the conductivity decreases towards H, (reducing gas). The
increase in the resistivity of the p-type sensor upon exposure to the reducing gas is due to
the charge transfer from the target gas molecules to the sensing layer [1,41]. As an electron
donor gas, Hj transfers electrons to the valent band of the sensing layer, reducing the hole
concentration on the surface, resulting in an increase in resistivity. Figure 8b illustrates the
response of the sensor towards 400 and 600 ppm H, at different temperatures.

(a) (b)| - 400 ppm 10%
H, Off 600 ppm I
102.3 102.2

c
g 101.15 I J 101.1
2 sl aonm 100.8
2 3 ‘ I 100.2 1
o 3
g |
o

H,0n : \

B o Te:

TI’ES

Time (s) RT 100 150 200
Working temperature (°C)

Figure 8. (a) P-type semiconducting sensing behaviour towards Hj as a reducing gas, Tres: response
time, and Trec: recovery time; and (b) Response of the Dy,03-Pd-PDA /rGO sensor towards 400 and
600 ppm hydrogen at different working temperatures.

3.2.2. Effect of UV Illumination

The effect of UV illumination on the H; sensing performance of the Dy,0s-Pd-
PDA /rGO sensor was studied at 150 °C and 0 %RH as a function of hydrogen concentration.
Figure 9a,b illustrate the dynamic response of the sensor towards H, with different con-
centrations (200-600 ppm) at 150 °C in the dark and under UV (365 nm) illumination,
respectively. As explained in the previous section, the sensor shows a p-type semiconduct-
ing sensing behaviour as the conductivity decreases upon exposure to Hy molecules [42].
The resistivity shifts happen based on the adsorption/desorption of the gas molecules onto
the sensing layer and are correlated to the target gas concentrations [43]. This correlation
could be due to the rise in gas molecules numbers interacting with the sensing layer surface.
Therefore, the adsorption and desorption co-occur until the balanced state is reached [44].

As seen in Figure 9a, a baseline drift occurs without using UV illumination, indicating
that the sensor cannot be fully recovered to its original baseline, showing partly reversible
gas/material interactions. However, Figure 9b demonstrates fully reversible gas/material
interactions under UV illumination, revealing that the sensor is fully recoverable [5,45,46].
This result can be attributed to the change of charge carrier density on the surface of
the sensing layer by stimulating the electrons from the valence band of the Dy,0O3-Pd-
PDA /rGO nanocomposite while using UV radiation [47]. The desorption of H, molecules
is accelerated by these photogenerated electrons from the pre-adsorbed ambient oxygen
species [48]. In addition, the UV radiation weakens the bonding forces between the sensing
layer (Dy,03-Pd-PDA /rGO nanocomposite) and H; molecules during the physisorption,
resulting in photoexcitation and reversible adsorption/desorption reactions [45,48,49]. The
presence of 4f electron improves the photocatalytic activity and adsorption capacity of
the Dy,0O3 while exposed to UV. When the sensor is in contact with H; as a reducing
agent, the electrons transfer from hydrogen into the Dy orbitals and thus to oxygen,
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creating superoxide anion radicals [50]. Therefore, the formation of highly reactive oxidant
species including °OH, HO,° and O,°~ on the Dy,03-Pd-PDA /rGO heterojunction surface
results in shaping the electron-hole pairs where the excited electrons from the valence band
move to the conduction band and consequently leaving holes in the valence band [51].
These photoproduced electron-hole pairs can transfer to the surface, inducing the electron
acceptor (Oy) to active oxygen (°O, ™) reduction process [52]. In addition, the holes oxidize
H; (the electron donor) to produce hydroxyl radicals and/or H,O molecules [52]. The
active °O, ™~ and OH® accelerate the oxidisation of the adsorbed H; molecules, enhancing
the sensing performance [52]. Response magnitude of the sensor at 150 °C and 0 %RH was
calculated for each experiment towards H; with different concentrations (200-600 ppm) in
the dark and under UV radiation and presented in Table 1.

Table 1. Hydrogen sensing response of Dy,03-Pd-PDA /rGO conductometric sensor in the dark and
under UV illumination at 150 °C and 0 %RH towards H, with different concentrations.

H, Concentration (ppm)
200 300 400 500 600
In the dark 100.3 100.68 100.72 100.75 100.75
Under UV 100.7 101.3 102.2 103.1 104

Response (%)

67

(a) Dark

66.9

66.8

66.7

66.6
66.5

Resistivity (Q)

66.4

66.3

500 ppm
66.2 600 ppm

66.1

0 200 400 600 800 1000 1200
Time (min)
75

(b) Under UV

74.5
74
73.5

73

Resistivity (Q)

72.5 l

72
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715
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Figure 9. Dynamic response of Dy,0O3-Pd-PDA /rGO sensor at 150 °C and 0 %RH as a function of
hydrogen concentration, (a) without and (b) with UV illumination.

Table 1 confirms an improvement in the response of the photo-induced sensor under
UV illumination because of the decrease in the adsorption energy barrier between the gas
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molecules and sensing film [53]. In addition, the sensor’s response in the dark is nearly
constant by rising the Hy concentration from 400 to 600 ppm, which can be attributed to
the competition between recombination of the electron-hole pairs and the re-adsorption
of the Hp molecules [54,55]. The H; sensing mechanism of the Dy,03-Pd-PDA /rGO
nanocomposite-based sensor is complex and cannot be simplified based on different physi-
cal and chemical adsorption/desorption interactions, including van der Waals forces, 7t-t
interactions, formation of various chemical bonds, oxygen species on the surface, and
charge transfer between the heterojunction nanocomposite and H; molecules [56].

3.2.3. Effect of Relative Humidity

Some environmental elements can influence the gas sensing performance, including
humidity [57]. In a humid environment, water molecules could adsorb onto the sensor as
well, thus affecting the physisorption and chemisorption processes of hydrogen [48,58].
In this work, we investigated the effect of humidity (from 0 %RH to 25 %RH) on the
Dy;03-Pd-PDA /GO sensor’s performance at the optimum temperature of 150 °C under
different H, concentrations and UV radiation.

The sensing parameters, including the response magnitude and response and recovery
times towards H, with different concentrations and various %RH, was calculated for
each experiment and presented in Tables 2 and 3. The results reveal that the sensor’s
responses to H are enhanced by increasing the Hy concentration from 200 ppm to 600 ppm.
Table 2 also indicates that the sensor’s responses are improved by elevating the %RH up
to 15% and then is reduced by further increasing to 25%. In addition, it was seen that the
electrical properties of the sensor remained almost constant by further raising the %RH
above 25% up to 47.5%. The sensitivity improvement of up to 15 %RH can be attributed to
the role of water molecules in humid environments, participating in physical and chemical
adsorption/desorption reactions [59]. Similar to Hy, water molecules could also act as
electron donors, so when the relative humidity elevates to 15%, the resistance of the p-type
sensor rises, improving the sensor’s response due to the increased number of adsorbed
water molecules [59,60]. In addition, the polar hydroxyl and carbonyl functional groups
present on the sensing material’s surface can interact with water, causing a resistance
change as well [61]. Therefore, the formation of the hydroxyl active sites on the surface
of the Dy,03-Pd-PDA /rGO due to the interaction between the adsorbed H; molecules
and the present oxygen species on the sensing layer surface leads to improvement in the
sensor’s response [62]. By further increasing the relative humidity, the adsorbed water
molecules concentration increases on the sensor’s surface, breaking the sensing material’s
sublattice and symmetry (especially the graphene oxide) and continuously widening its
bandgap, consequently changing the electrical properties of the sensor, and decreasing the
sensor’s response [63].

Table 2. Sensing parameters of the sensor towards 200-600 ppm H; at 150 °C under UV illumination
at different humidity level.

Response (%)

H, Conc (ppm)

0 %RH 10 %RH 15 %RH 20 %RH 25 %RH
200 100.7 100.9 101.9 101.3 101.9
300 101.3 101.4 102.9 101.5 102.1
400 102.2 102.5 104.1 101.6 102.3
500 103.1 103.9 105.1 101.6 102.3

600 104 104.15 107.1 101.6 101.9
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Table 3. Sensing parameters towards Hy with 2000-6000 ppm concentrations at 150 °C under
UV illumination.

Response (%) Response Time (s) Recovery Time (s)
H; Conc (ppm)
0 %RH 15 %RH 20 %RH 0 %RH 15 %RH 20 %RH 0 %RH 15 %RH 20 %RH
2000 104.3 114.12 113.5 60 600 720 180 240 180
3000 107.4 122.1 130.4 180 420 600 180 240 180
4000 111.6 131.9 142.6 180 420 360 180 240 120
5000 115.8 140.4 145.2 150 360 180 210 180 120
6000 121 144.1 144 150 300 180 240 180 120

In addition, excess water molecules on the sensing surface could compete with Hj
molecules to be adsorbed on the sensor’s surface. Consequently, due to the larger molecule
size of the water, it is challenging for them to compete with Hy molecules to enter the
sensing material’s surface, resulting in a decrease in the sensing response [57].

The humidity effect was also investigated when the sensor was exposed to high H;
concentrations from 2000 ppm to 6000 ppm. As shown in Table 3, the sensor demonstrates
a maximum response of 121% at 0 %RH in the presence of 6000 ppm H, at 150 °C. By
increasing the Hj, concentration, the number of hydrogen molecules interacting with the
sensing layer rises, enhancing the adsorption rate on the surface until it gets saturated.

Table 3 also reveals that the sensor’s responses enhance by raising the humidity to
20%. The sensor’s response upon exposure to 6000 ppm Hj; at 20 %RH almost doubled.
The response is calculated to be 144%, comparable with the sensor’s response (144.1%)
at 15 %RH under the same operational conditions. However, by increasing the H, con-
centration up to 5000 ppm at 20 %RH, the sensor’s response slightly enhanced to 145.2%
while it dropped a little by further growing the H; concentration to 6000 ppm. This can be
attributed to the competition between the H, and water molecules to be adsorbed on the
sensing layer’s surface [46,64].

Another explanation can be seen in Figure 10, which shows the dynamic response
of the sensor towards Hj at 0 %RH, 15 %RH, and 20 %RH and 150 °C. Comparing these
results reveals that a slight baseline drift occurs when the sensor is operating at 20 %RH,
which means the sensor does not recover fully, decreasing the sensor’s response while
exposed to 6000 ppm Hp.

In addition, Figure 10a shows that the sensor’s baseline (i.e., sensor’s resistivity) at
0 %RH is higher than what it is at 15 %RH and 20 %RH. This result could be attributed to
increasing the charge carriers on the surface of a sensing material by elevating the %RH
due to the adsorbed ionised water molecules, enhancing the sensor’s conductivity [61,64].
Moreover, the presence of hydroxyl active sites (as electron donors) on the sensing layer in
the humid environment enhances the electric charge density by forming the hydronium
cations from the ionised water molecules (Equation (4)), leading to an increase in the
conductivity [48,58].

2H,0 = OH™ + H;O" 4)

Figure 10 also compares the response and recovery times while increasing the humidity
level and Hy concentrations. A fast response and recovery, 60 s and 180 s, respectively, were
measured for 2000 ppm H, at 150 °C and 0 %RH. It can be seen that both response and re-
covery times decrease by rising the H, concentration at a higher humidity level than 0 %RH
due to an increase in the surface coverage rate accelerating the adsorption/desorption
of the H, molecules [65]. In addition, the high permeability of the Dy,03-Pd-PDA /rGO
to water molecules and the hoping proton mechanism play essential roles in the sensing
performance [49,66]. When the concentration of the adsorbed water molecules increases
on the surface (by increasing the %RH from 15% to 20%), the arisen protons (H*), from
hydroxyl functional groups of the rGO, bond with the water molecules. This leads to
forming the hydronium ions, which enhance the electric charge density [39,63]. Thus, by
increasing the concentration of the H, molecules, the adsorption/desorption interactions
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become quicker due to the increased gas diffusion and conductive routes with high mo-
bility [67,68]. Consequently, by comparing the response and recovery times at 15% and
20 %RH, we observe quicker response and recovery by increasing the H, concentration at
20 %RH. Moreover, by raising the humidity to 20%, the sensor’s recovery became faster
than it was at 0 % RH due to the physical and chemical adsorption/desorption rate of the
H, molecules.
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Figure 10. (a) Dynamic response of Dy,0O3-Pd-PDA /rGO sensor towards H, with different concen-
trations (2000-6000 ppm) at 150 °C, and relative humidity levels (0 %RH, 15 %RH, and 20 %RH)
under UV radiation; (b) response time and (c) recovery time of the sensor at 0 %RH, 15 %RH, and
20 %RH as a function of Hy concentrations. (d) Response magnitude of the sensor towards Hy with
different concentrations at 0 %RH, 15 %RH, and 20 %RH.

A fast recovery (120 s) was measured for 4000 to 6000 ppm Hj at 150 °C and 20 %RH.
In a humid environment, it was observed that the response and recovery were quicker by
increasing the Hy concentration based on an increase in the surface coverage rate facilitating
the adsorption/desorption of the H, molecules. In addition, the sensor saturates faster
at higher concentrations. Moreover, the functional groups on the Dy;03-Pd-PDA /rGO,
including the hydroxyl and carbonyl groups, can interact with water, changing the ad-
sorption/desorption rate and participating in the physisorption of the H, molecules on
the Dy,03-Pd-PDA /rGO surface, based on Van der Waals forces, and also forming the
covalent bonds via the chemisorption reactions [65]. The water molecules usually behave
as electron donors, inducing the ionisation of the OH and COOH functional groups in the
sensing layer to generate a concentration gradient of protons [13]. This gradient accelerates
the diffusion of the protons to the sensing material, delivering a voltage and current in
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the external circuit that leads to a quicker response [69]. Figure 10d shows the response
percentage of the sensor at 0 %RH, 15 %RH, and 20 %RH and 150 °C. The highest response
is calculated to be 145.2% when the sensor is exposed to 5000 ppm Hj at 20 %RH.

3.2.4. Sensor Selectivity and Long-Term Stability

The gas selectivity of the Dy,03-Pd-PDA /rGO sensor was investigated at the opti-
mum temperature of 150 °C and 0 %RH. Figure 11a shows the response of the sensor to
50 ppm H; gas as compared with different interfering gases (all at 50 ppm concentrations),
including methane (CH,), ammonia (NHj3), and acetone (C3HgO). The sensor indicated a re-
markable response of 100.5% towards hydrogen while showing a negligible response (2.1%)
towards acetone and inadequate responses of 5.1% and 3.2% towards CH4 and NH3, re-
spectively. As mentioned before, the sensing mechanism of the p-type Dy,03-Pd-PDA /rGO
nanocomposite is mainly based on the chemical adsorption/desorption interactions of the
oxygen active sites with the H, molecules and the charge transfer from the Hy molecules
to the sensing layer [24,70]. The oxygen in the air interacts with the free electrons on the
sensing layer surface, forming O?~, O,~, and O~ ions. These reactive oxygen species inter-
act with the Hp molecules as an electron donor gas, enhancing the electron charge transfer
to the sensing layer, reducing the hole concentration, and increasing resistivity [24,41,42].
The Dy,03-Pd-PDA /rGO sensor was examined repeatedly over eight months towards
6000 ppm Hj at 150 °C and 0 %RH and indicated long term stability with a negligible
degradation (Figure 11b).

(a)| so ppm

100.5

R (%)

5.1 . 3.2 ) 2.1
CH, NH, CH.0 H,

Lo

121.03 120.92 120.89 121.02 121.07 120.94 121.12 120.98
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Figure 11. (a) Gas selectivity of the Dy,03-Pd-PDA /rGO sensor towards 50 ppm of different gases,
(b) long term stability of the sensor’s response towards 6000 ppm Hj at 150 °C and 0 %RH over
eight months.
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4. Discussion and Conclusions

The heterojunction Dy,03-Pd-PDA /rGO nanocomposite was synthesised by an en-
vironmentally friendly and straightforward chemical procedure [22]. The surface char-
acteristics of the sensor revealed a uniform distribution of 2D Dy,03; and Pd NPs onto
the PDA /rGO nanosheets. The SEM images illustrated a multi-layered porous structure
of the Dy,03-Pd-PDA /rGO nanocomposite that considerably impacted the Hj gas sens-
ing performance. Raman analysis showed no significant defects in Pd-PDA /rGO NSs
while doping with 2D Dy,0O3. The hydrogen gas sensing performance of the fabricated
conductometric sensor was extensively studied under different operational conditions,
including Hj concentration (50-6000 ppm), temperature (up to 200 °C), UV radiation, and
relative humidity (up to 25 %RH). The sensor showed a negligible response to hydrogen
without UV illumination. In contrast, the response was enhanced significantly under UV
illumination due to stimulated electrons from the valence band of the sensing material [47].
These photogenerated electrons accelerate the adsorption and desorption reactions of Hp
molecules with the ambient oxygen species or water molecules [47].

The experimental results confirmed a p-type sensing behaviour with a maximum
response of 121% towards 6000 ppm Hj; at 0 %RH and an optimum working tempera-
ture of 150 °C. This result could be attributed to increasing the concentration of the Hp
molecules, facilitating their interactions with the sensing material. Thus, enhancing the
adsorption/desorption rate on the surface until it saturates and a steady state is reached.
The sensor was capable of detecting the H, concentration as low as 50 ppm (R = 100.5%).

Gas sensing performance is correlated with the adsorption of atmospheric H,O
molecules as a significant source of interference [9,18]. Based on the literature, humidity is
a complex challenge faced by most resistive Hy sensors [9,71,72]. Therefore, developing
a sensor capable of detecting H, in a humid environment can be a critical solution for
humidity-related issues in the real environment [73]. Hence, we studied the effect of hu-
midity on the Dy,O3-Pd-PDA /rGO nanocomposite sensing performance and its behaviour
on the adsorption/desorption of H, molecules as one of the critical factors of developing a
commercial sensor for humid environments [74]. It was observed that by increasing the
%RH up to 20%, the sensor’s performance (i.e., response and recovery times) drastically
improved so that its response towards 5000 ppm Hj; at 150 °C was changed from 115.8% at
0 %RH to 145.2% at 20 %RH.

In addition, a maximum response of 144% was obtained upon exposure to 6000 ppm
H; at 20 %RH and 150 °C, which is much higher than its response in a dry ambient (121%)
at similar operational conditions. This result could be due to rising the charge carriers on
the sensing layer surface by enriching the %RH because of the adsorbed ionised water
molecules, in addition to the presence of the electron donor hydroxyl active sites on the
sensing layer in the humid environment. By raising the %RH (from 15% to 20%), the
sensor’s response and recovery times also improved from 360 s to 180 s and 180 s to 120 s,
respectively. Table 4 summarises a comparison of H, sensing performance between selected
graphene-based nanomaterials, which are functionalised by noble metals and /or metal
oxides with the current work.

In this work, reducing the GO by adding the DA, as an environmentally friendly
chemical, highly improved its reduction process and functionalising the PDA /rGO with Pd
NPs and 2D Dy, O3 significantly enhanced the H; sensing parameters [19]. In addition, the
developed Dy,03-Pd-PDA /rGO sensor was highly selective to hydrogen and illustrated
high effectiveness in the humid environment.
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Table 4. H; sensing properties of different graphene-based materials functionalised by noble metals
and/or metal oxides.

. . Hybrid Temp. RH H; Conc. Response Recovery Response
Material. Synthesis Method Material ©Q) (%) (ppm) Time (s) Time (s) (%)
Graphene [75] Thermal CVD NPSI,)-CSIiOZ RT - 500 213 600 4.1
rGO [76] Freeze drying NiO 50 - 10,000 28 142 0.64
rGO [8] Wet chemistry Pd NPs 100 10 5000 170 1440 18.2
Hummers” method,
rGO [77] Hydrothermal Pd-Pt 25 - 8000 300 600 0.52
Hummers’” method,
rGO [78] Hydrothermal Pt-SnO, RT - 5000 3 2 3
PDA/rGO (this work) Wet chemistry 2EdDNyI;(853 150 20 5000 180 120 1452

According to the literature, the hybrid materials’ sensing performance can be enhanced
by surface engineering due to forming the new physical and electrical properties, including
the changes in thickness and several reactive sites for gas molecules interactions [79,80].
Overall, these enhancements could be based on improved electrical properties and charge
transfer of the hybrid sensing material [81]. However, the hybrid materials gas sensing
mechanisms seem to be complex, so to achieve predictable sensing improvements, many
variants need to be investigated, such as the impact of different fabrication techniques,
functionalisation, and structural parameters such as the porosity, thickness, surface to
volume ratio and crystallinity of the materials. The mentioned parameters play critical
roles in the sensing material and gas interactions, consequently changing the sensing
performance [82]. However, these effects on the chemical and electrical properties of the
sensors and thus enhancement in gas sensing properties may not be directly related.

In this work, the presence of oxygen species (O,~, O~, and O?") on the sensing ma-
terial surface under UV illumination played a critical role in the molecular adsorption of
the fabricated p-type gas sensors, forming the photo-induced electron-hole pairs and an
electron depleted region [15,83]. When the Dy,03-Pd-PDA /rGO heterojunction nanocom-
posite is exposed to hydrogen as a reducing gas, the reduction reaction between the oxygen
species and Hy molecules accrue on the Dy,Oj3 surface, creating the Dy>* due to the oxygen
vacancy. This results in releasing the electron to the sensing layer’s surface, affecting the
depletion layer and resistance of the sensor [24]. At the same time, hybridising the Dy,03
with Pd-PDA /rGO formed a p-n junction nanocomposite, creating Dy-O bondings at the
interface between Dy,O3 and rGO, which positively affected the H; sensing performance
of the final nanocomposite at a low operating temperature [84,85]. Another benefit of
hybridisation was the formation of Pd-O-Dy bonds as active sites in the interface between
the Dy,0O3 and Pd NPs, facilitating the chemisorption of the H, molecules with the lat-
tice oxygen, which also creates a synergic effect on the durability of the material due to
anchoring the Pd NPs with the active sites” support [85].

To conclude, the results confirmed the regulated electronic structure of the Dy,0Os-
Pd-PDA /rGO heterojunction nanocomposite at the interface region, resulting in reduced
energy barrier, enhanced kinetics, and more balanced hydrogen adsorption/desorption
rate [86]. Moreover, the experimentally determined performance of the Dy,03-Pd-PDA /rGO
heterojunction nanocomposite revealed to be reliable, sensitive, have a rapid response,
and recovery sensing materials, which has benefited from the use of environmentally
friendly and simple synthesis and fabrication techniques as well as improvements in the
combinations of Pd NPs and 2D Dy, O3 that comprise the composite sensor.
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